The number of air voids, their size and disposition in cement paste, are important characteristics, which substantially affect the system of air voids that protects concrete from freezing and thawing cycles. The standard spacing factor L is based on the simplified Powers model, which assumes that all bubbles have the same diameter and are distributed in cube corners. A better solution is provided by Philleo, which determines the percentage content of protected paste (S*). The authors' approach consists in determining the PPV factor, which is based on the concept of Philleo, and takes into account not only the actual structure of air voids, but also of aggregate grains, which is often disregarded in analyses. In this article the results of analyzing the air void structure in air-entrained concrete on the basis on 2D image analysis are presented. Implementation of this research was possible thanks to the use of a special procedure of concrete samples preparation. Such an approach allows the separation of 4 phases of concrete: aggregate, cement paste, rings of the paste protected by air voids and air. The PPV results obtained from image analysis were compared with standard spacing factor L and with Philleo factor (S*).The authors are of the opinion that the 2D analysis proposed in the study will make it possible to describe more accurately the air-void system in air-entrained concrete.
Introduction
A proper air-void structure protects the concrete from the harmful effects of water and frost, because it significantly reduces the distance the freezing water must travel from any point inside the hardened cement paste to the nearest edge of the air void [1] . To ensure freeze-thaw resistance, it is essential to provide a time-stable system of small air bubbles, located close enough to one another, at the lowest possible total air content. In modern concrete technology there are often substantial problems with obtaining such a system of pores because a lot of factors (such as: combinations of admixtures and additives, consistency and temperature of the concrete mix, transport and mixing time and type of the concrete mix placing and compaction) have an impact on it [2, 3] . Airentrainment can be also dependent on the characteristics of the aggregate grains, especially of sand (roughness, number and shape of grains), which are often unaccounted for. Diamond et al. [4] claim that the aggregate presence may, however, substantially affects the spacing of air bubbles. Taking into account a large number of factors that affect the quality of air-entrainment, it may happen that air-entraining agents will not generate the required air-pore structure. The pores may connect with each other and may have irregular shapes, which is shown in the Fig. 1 . The result is that distance between adjacent air voids increases. The consequence of this is the increase in the distance, which the freezing water will have to travel from any point of the cement paste to the nearest edge of the air void, measured along the cement paste (spacing factor L), with no apparent change in the total air content A [3] . Similar conclusions were reached by Pleau et al. [5] , whose results show a weak correlation between the total air content and spacing factor L. This means that satisfactory air content does not guarantee the proper spacing factor L, which is the main parameter to evaluate the quality of air-entrainment. Therefore, the air-void structure in airentrained concrete cannot be assessed on the basis of simple measurements of the air content in the concrete mix, but the quality control of air-entrainment, which consists of microscopic evaluation of that structure in the hardened concrete, is required.
Standard air-void structure parameters
Standard PN-EN 480-11 [6] describes the structure of the air entrained into the concrete through the following parameters: the total air content A, a specific surface α, the spacing factor L and the content of micropores A 300 . These characteristics are calculated on the basis of the simplified Powers model, which assumes that all bubbles have the same diameter and are placed at the corners of a cube (Fig. 2) . In addition, cross-sectional area of concrete is analyzed by linear-analysis method (1D). Normalized porosity structure parameters are therefore less accurate, because of the fact that the assessment of frost resistance of concrete is fraught with some error by Attiogbe [8] .
Other ways of describing air-pore structure are sought by researchers, including Philleo [9] , Attiogbe [10] , Elsen et al. [11] , Mayercsik et al. [12] or Pleau et al. [5] . Development of automated image analysis allows to obtain data from the polished concrete section in three ways: by point analysis (0D), by linear analysis (1D) and by crosssection analysis (2D). Different ways of measuring the pore characteristics are shown in Fig. 3 . 2D measurements allow to get better reflect of the actual structure of air-entrainment in air-entrained concrete and thus creates better conditions for the evaluation of frost resistance of concrete. Currently, we have the technical capability to perform such tests routinely. Two-dimensional analysis were applied by Pleau et al. [5] , Mayercsik et al. [12] , Zalocha and Kasperkiewicz [13] , Soroushian et al. [14] and Aligizaki et al. [15] . These analyzes focus on the air introduced into the concrete whereas they ignore the impact of the presence of aggregate particles on the proper distribution of air voids in cement paste. Fig. 2 . Difference between the actual air-pore distribution and the one assumed in the Powers model [7] .
The authors performed comparative analysis of air void structure parameters obtained from the images generated from the numerical model of concrete grain structure including aggregate-paste-air system [16, 17, 18] . The obtained results showed a significant impact of the presence of aggregates on the air-pore system. In connection with this results it was decided to deal with this problem on the real concrete section. In this article, the air-pore structure parameters in actual concrete sections obtained according to standard PN-EN 480-11, Philleo factor and on the basis of two-dimensional measurements were compared. Image analysis were performed in the Image Pro Plus program.
Comparison of porosity parameters obtained on the basis of 1D and 2D analysis of concrete section
The article presents a comparative analysis of air-void structure parameters obtained from actual concrete samples including aggregate-air-paste system. These characteristics were obtained in three ways:
in accordance with the standard PN-EN 480-11, based on significant simplifications adopted in the Powers model and linear-analysis method, in accordance with Philleo, where each air bubble protects the paste area around it, which has the width of S, from the detrimental frost action. The method proposed by Philleo requires only the knowledge of the total volume of air in the paste and the number of voids per unit volume of paste. To determine the number of air voids per unit volume of concrete Philleo used data from the standard approach by Philleo (1983) . with the approach taking into account, besides the actual structure of air voids and aggregate grains, the surface measurements.
In the paper four air-entrained concretes (A ÷ D) with different air-entrainment and the same aggregate grading curve were analyzed. Series of model concretes were produced using: white cement, air-entraining admixture, fine and coarse basalt aggregate and water. Basalt aggregate and white cement were used to enhance contrast between the aggregate, air and paste. Samples for examination were cut from the cubes and then they were ground and polished to provide a smooth surface for microscopic observations. The purpose of polishing the surface was to remove any deformations induced during the grinding process. Fluorescent powder was used as a filling for air voids for better contrast and making easier the separation of the pores from the background. Then, using a UV light for extracting air voids and normal light for capturing aggregate particles 6 images of 30 x 80 mm with a resolution of 3.4 μm/px were performed for each of the concrete sections. Due to the large file sizes it was not possible to perform a single image across the surface while maintaining the above resolutions. Captured images were subjected to correction associated with the preparation of the image for analysis. Air pores were removed from aggregate particles, cracking and chipping of pores and aggregates, which arose during the grinding and polishing of the sample, were reconstructed, pores incorrectly filled with fluorescent powder were supplemented. Then, each space filled with powder was replaced with the circle of equivalent diameter fixed as the diameter of the circle with an area equal to the cross-sectional area of the measured object. To perform 2D analysis, it is necessary to have a concrete image, which contains four separate phases: air, aggregate, rings of the paste protected by air voids and finally protected and unprotected paste. To extract these four phases, the following approach was used: firstly the air (Fig.4a ) and the aggregate (Fig.4b) were extracted, then each air void was replaced with the circle of equivalent diameter (Fig.4a) , next, shells, 0.200 mm in thickness, were produced around air bubbles (Fig.4c) , fourthly the presence of aggregates was taken into account, which allows to determine an area of cement paste. The final outcome (Fig.4d) makes it possible to compute the percentage ratio (PPV factor) of the protected paste area (white) to the total paste area (white + grey). Thus prepared images were analyzed in accordance with standard 1D and 2D. Test results of pore structure parameters are presented in Tab. 1.
Generally, it is believed that the basic parameter that relates the quality of air-entrained concrete to its freezethaw resistance is spacing factor L. Concretes with L smaller than 0.200 mm are considered to be frost resistant. As it is apparent from table 1 the increase of A 300 micropores and the total air content A causes that the spacing factor L is reduced. With the increase of the air content the problems with its location in paste increase. The deployment of voids is also affected by the presence of aggregate. Where there are a lot of aggregate particles it is difficult to put in air voids. Additionally, the increase in the air content causes the air bubbles group together in the cement paste. This causes that examination of the aggregate-paste-air system gives better quality compared to other methods, where only the paste-air system is taken into account. Essential differences are observed by comparing the relationship between the PPV and L (Fig.5a) , and between the PPV and S* (Fig.5b) . For each of the analyzed concretes differences between the L, S* and the PPV are significant. Taking into account the spacing factor L the air-void system for the concrete A can be considered as incorrect for the concretes B and C sufficient for freezing in the air and for concrete D sufficient for freezing in the water. According to Philleo factor S* the pore structure for each of these four concretes is good enough to protect at least 90% of cement paste against the harmful effects of water and frost.
Presented method, taking into account the actual size, number and disposition of air voids in the cement paste, the presence of aggregate and the surface measurements, enables to determine the volume of the paste protected by air voids, and thus a better description of the pore structure parameters (PPV). According to the results of PPV, it can be concluded that each of the analyzed concretes have improper air-pore structure to protect cement paste in 100%. The discrepancies in the results for the analyzed three methods indicate that the approach based on the impact of aggregate and air pores structure is more accurate in comparison with other approaches. We believe that a better description of the pore structure parameters will allow more precise linking them to the frost resistance of concrete. Frost resistance tests are planned to verify the above assumptions. 
Conclusions
The standard approach, based on the simplified Powers model, raises a number of doubts and concerns with respect to both the method of determining the pore structure parameters, and also to the congruence of thus obtained results with freeze-thaw resistance measurements. Development of automated image analysis allows more precise measurements and a better description of the air pore structure. The authors' approach consists in determining the PPV factor, which is based on the concept of Philleo. PPV factor takes into account not only the actual structure of air voids and aggregate grains, but also the surface measurements. The authors performed comparative analysis of air void structure parameters obtained from the images generated from the numerical model of concrete grain structure including aggregate-paste-air system. The obtained results showed a significant impact of the presence of aggregates on the air-pore system. In connection with this results it was decided to deal with this problem on the actual concrete section. In the article a comparative analysis of air-void structure parameters obtained from real concrete samples including aggregate-air-paste system is proposed. These characteristics were obtained in three ways: in accordance with the standard, according to the concept of Philleo and with the authors' approach (PPV factor). The investigations presented in the study show that taking into account the aggregate-paste-air system produces results that are substantially different from those obtained for the paste-air system. On the basis of presented analyses, it can be concluded that generally the value of PPV factor clearly deviates from the values of the parameter proposed by Philleo and by the standard. We believe that the 2D analysis of the porosity structure in air-entrained concretes proposed in the study will make it possible to describe more accurately the dependencies holding in the system and to obtain a better correlation between the parameters and freeze-thaw resistance results. These issues are to be verified in the future.
